A selective voltammetric determination of homocysteine and glutathione was applied to cell tissue culture media and human plasma via a single two-step method. The two-step method relies on the 1,4-Michael addition reaction between electro-oxidized catechol and the target thiol. Furthermore, the procedure relies on the differing reaction kinetics of the ortho-quinone with various thiol species giving different responses as a function of the scan rate. At faster scan rates homocysteine is only detected, while at slower scan rates the adduct signal reflects both homocysteine and glutathione. As a result, the quantification of both homocysteine and glutathione can be determined with a combination of both sets of data. The previous proof-of-concept (P. T. Lee, D. Lowinsohn, and R. G. Compton, Sensors, 2014, 14, 10395), is applied to the quantification of thiols in both tissue culture media and human plasma alone. Analytical parameters were determined for both homocysteine and glutathione in the respective media and the linear range. The sensitivities in tissue culture media are ca. 3 nA μM -1 and ca. 1 nA μM -1 and the limits of detections are ca. 2 μM and ca. 1 μM for homocysteine and glutathione, respectively. In human plasma, the sensitivities were determined to be 94 and 39 nA μM -1 , and the limit of detections are ca. 0.8 μM and ca. 0.8 μM for homocysteine and glutathione, respectively.
Introduction
Biological samples such as physiological samples and/or growth media are often comprised of many constituents including amino acids, vitamins, proteins, and salts. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Thiols, such as homocysteine (HCy) and glutathione (GSH), are ubiquitous in physiological fluids as they play an important role in maintenance, antioxidation protection and metabolism. 9, [12] [13] Levels of these thiols have been reported to be important as changes at the cellular role may have implications to conditions such as arteriosclerosis, 5, 12, 14 leukaemia, [14] [15] cancer, 14, 16 Alzheimer's, 5, [17] [18] [19] and/or Parkinson's disease. 5, [17] [18] As such, selective detection is valuable for the biomedical community as it may provide a versatile diagnostic pathway to monitor various conditions. However, many electroanalyses of biological samples require the prior use of a separation technique as samples may contain many reactive species that may impede the electrochemical detection. [1] [2] 4, 8, 15, 17, [20] [21] [22] [23] [24] This becomes a particular problem when continual and high throughput monitoring is needed.
In recent years, screen printing technology has gain popularity through its capability for mass producing electrodes. [25] [26] [27] A screen-printed electrode is usually comprised of a reference electrode, a counter and a working electrode all printed on an inert substrate. [28] [29] Often with carbon-based screen-printed electrodes, the inks are comprised of graphite or carbon nanotubes which provide them with similar attributes to the conventional corresponding carbon working electrodes. 26, [30] [31] Screen-printed electrodes are well established for being compact, low in cost, versatile, robust, and disposable. 26, [32] [33] This in turn makes them attractive in applications that require high throughput screening without the need for complex and/or expensive equipment.
Our earlier works have shown that the electrochemical detection of thiol is possible with the use of a mediator, catechol, via a 1,4-Michael addition reaction. 28, 34 In a 1,4-Michael addition reaction, the electro-oxidized catechol (o-benzoquinone) undergoes a nucleophilic attack by a thiol, resulting in a new electrochemically active species. 12, 28, [34] [35] This reaction involves a net loss of four electrons and four protons (Scheme 1); two electrons and two protons are initially required to oxidize the catechol to form the ortho-quinone. Then, the ortho-quinone can undergo a 1,4-Michael addition with the thiol regenerating back to a hydroquinone entity, for which it can be re-oxidized again with two electrons and two protons. Voltammetric evidence of this reaction typically shows an increase in the forward peak current, a decrease in the backward peak current, and the introduction of a new adduct peak that can grow with increasing thiol concentration (Scheme 1). 12, 28, [34] [35] The work presented in this current paper uses this reaction as the analytical basis for thiol detection.
In another report, we have also shown how to selectively detect homocysteine and glutathione in the presence of each other in a purely aqueous system using a proposed two-step method. 28 The single two-step method takes advantage of the different reaction rates of the homocysteine and glutathione with the electrochemically oxidized catechol with the later reacting more slowly (Scheme 2). Initially, a faster scan rate is applied, allowing a rapid reaction with homocysteine to take place, and thus 'outrunning' the reaction with glutathione. This subsequently leaves an analytically useful signal for homocysteine only detection. Next, a slower scan rate is applied that allows both analytes to react, thus relating the contents of both analytes in the adduct peak. Thereafter, the determined homocysteine concentration is subtracted from the concentration obtained at a low scan rate, and thus resulting in the concentration of glutathione. This paper reports on the adaptation of our previous proof-of-concept work applied to 'real world' samples, notably tissue cell culture media and human plasma in order to emphasize the authentic practical application and viability of this method. With the added use of disposable screen-printed electrodes, the selective detection of homocysteine and glutathione in 'real' world biological samples brings nearer realization of the notion of bringing a viable sensor to the user in the form of a point-of-care system.
Experimental

Reagents and chemicals
Catechol (99%), glutathione (98%), D-L-homocysteine (≥95%), Dulbecco's Modified Eagles's Media (DMEM), and human plasma were purchased through Sigma-Aldrich at their highest purity, and were used as received without any further purification steps. All solutions were prepared with deionized water at a resistivity of no less than 18.2 MΩ cm -1 at 25 C (Millipore, UK). Buffer solutions, 0.15 M, were prepared using potassium monohydrogen phosphate (≥98%, Sigma-Aldrich), potassium dihydrogen phosphate (≥99%, Sigma-Aldrich), and potassium hydroxide (≥85%, Sigma-Aldrich) was used accordingly to the required pH range. All buffer solutions were made up with a supporting electrolyte of 0.10 M potassium chloride (99%, Sigma-Aldrich).
Apparatus
Electrochemical experiments involving the tissue culture media, DMEM, were carried out in a three-electrode system using a saturated calomel reference electrode (SCE) from Hach Lange, UK, a platinum mesh (99.99%) counter electrode from Goodfellow, UK, and multi-walled carbon nanotube disposable screen-printed electrodes from DropSens, Spain to be used as the working electrode. The use of the calomel reference electrode in the tissue culture media was to ensure that all potentials are reliably comparable to that seen in earlier studies. 28, 34 Whereas, the silver quasi-reference electrode built into the screen-printed electrodes was prone to large variation with up to, ca. estimated 40 mV shifts in reference potential. The three electrodes mentioned were located in a 50 mL cell where experiments involving tissue culture media were carried out. To ensure little to no change in the resistance, the distance among the electrodes were fixed to each other. Experiments involving human plasma were fully carried out on the screenprinted electrode due to the small quantity of available human plasma. An approximately 50 μL drop of plasma sample was deposited onto the ceramic chip such that all three electrodes are covered.
All experiments were conducted using a computer-controlled potentiostat, PGSTAT 101 (ECO-chemie, NL). A temperature controlled water bath was also used to ensure that all electrochemical experiments were carried out at 20 ± 2 C in a Faraday cage. All pH measurements were conducted using a pH213 Microprocessor pH meter from Hanna Instruments, UK. The pH meter was calibrated using Duracal buffers of pH 4.01 ± 0.01, pH 7.00 ± 0.01, and pH 10.01 ± 0.01 (Hamiliton, CH).
Carbon nanotube screen-printed electrode (CNT-SPE)
Multi-walled carbon nanotube screen-printed electrodes were used in this study to further the notion of a point-of-care system for homocysteine and glutathione detection. The screen-printed electrode itself is made of a ceramic substrate consisting of 4.0 mm in diameter multi-carbon nanotube working electrode, a carbon counter electrode and a silver reference electrode. Prior to each experiment, a pre-treatment is performed on the disposable electrode so as to remove any possible excess silver on the working electrode as a result of the manufacturing process. 28 This involves applying potential cycling from -0.5 V to +0.2 V (vs. MSE) in a 0.1 M sodium nitrate solution for at least 20 min. Afterwards, the electrode is rinsed with deionized water and carefully dried. The characterization of the screenprinted electrode containing the multi-walled carbon nanotube working electrode was previously performed and reported. 28 Scheme 2 Schematic representation of a two-step method for the selective electrochemical detection of homocysteine and glutathione at the adduct peak. 
Results and Discussion
Detection in tissue culture media
Tissue culture media contains a variety of amino acids and vitamins to help facilitate in the nourishment and maintenance of cell growth. 9, 11 Some of its contents may be electro-active, and other possible interferences can arise when catechol is added to the medium. Before applying the single two-step analytical procedure (as described earlier), an investigation of possible interferences from the cell tissue culture medium was carried out. Cyclic voltammetry was utilized in 100% tissue culture media, DMEM, at a scan rate of 50 mV s -1 in both the absence and presence of 0.1 mM catechol, shown in Fig. 1 . The figure shows that within the potential window of interest for analysis, the media alone will not interfere with the measurement. When catechol is added to the media, a redox process at E1/2 = +0.15 V (vs. SCE) is observed, which corresponds to the twoelectron, two-proton oxidation of the ortho-quinone species. 9, 12, 34 This observation of catechol is consistent with literature reports that the media alone will not interfere with the electrochemical reaction of catechol. 12, 28, 34 Cyclic voltammetry was applied to tissue media in the presence of catechol and thiols. Figure 2 shows the voltammetric behavior at 50 mV s -1 of 0.1 mM catechol for different concentrations of either homocysteine or glutathione. The figure shows that with each addition of the analyte, a new adduct peak emerges (ca. -0.2 vs. SCE), and increases along with the forward peak, while the backward peak decreases. This is consistent with a 1,4-Michael addition reaction, as described above and elsewhere. 9, 12, 28, 34 Analytical curves were then obtained at this scan rate; specifically, the adduct peak current, I, was plotted against the concentration of each thiol analyte. The analytical parameters tabulated in Table 1 show a linear relationship for homocysteine at 50 mV s -1 is I (nA) = (6.59 ± 0.019) [HCy/μM] (n = 3) for concentrations of up to 20 μM. The limit of detection (LOD) is determined to be ca. (0.5 ± 0.01) μM. For glutathione, the linear relationship at the same scan rate is I (nA) = (1.02 ± 0.462) [GSH/μM] (n = 3) for concentrations ranging from 0 up to 10 μM; the LOD is ca.
(1.0 ± 0.3) μM. Due to the complexity of the tissue culture media, we can expect to observe lower sensitivities for homocysteine and glutathione compared to a pure aqueous system, 19 and 1.9 nA μM -1 respectively. 28 Nonetheless, the relationship among those values are consistent with their reaction rates for catechol. 28 However, at a low scan rate the observed adduct peak will reflect the reaction of the electrooxidized catechol with both homocysteine and glutathione, thus making selective quantification difficult when both thiols are present in the same solution. 28 An optimum scan rate of 300 mV s -1 was found for the homocysteine selectivity in a tissue culture media. Figure 3 shows voltammogram of the electro-oxidized catechol in the presence of glutathione (dotted line) and in the presence of homocysteine (solid line). The figure shows that in the presence of glutathione, the adduct peak ceased to exist when a faster scan rate was applied; however, the adduct peak (ca. -0.2 V vs. SCE) appears in the presence of homocysteine. This indicates that the faster scan rate 'outruns' the ortho-quinone reaction with glutathione, but is still sufficient to allow the reaction with homocysteine to take place. 28 Thus perhaps the selective detection of homocysteine is achievable in the presence of glutathione in tissue culture media at the screen-printed electrode when a higher scan rate is applied. Next, a calibration curve was obtained that indicated a linear relationship of homocysteine at 300 mV s Table 1 ). Finally, at this point, all of the appropriate calibration curves have been determined, and the method can be fully applied and tested in the tissue culture media.
A number of pre-determined mixed solutions containing varying spiked amounts of homocysteine and glutathione, ranging from 1.0 to 10.0 μM, were examined with the presence of 0.1 mM catechol (DMEM, pH 8.0) using the carbon nanotube screen-printed electrode. Upon applying the two-step method, a peak current at a scan rate of 300 mV s -1 was obtained from the DMEM mixture, where the homocysteine content can be determined from the analytical curve, I (nA) = (2.96 ± 0.021) [Hcy/μM]. Then by knowing the homocysteine concentration present, the peak current for homocysteine can be calculated at the low scan rate by using the analytical curve, I (nA) = (6.59 ± 0.019) [HCy/μM]. Next, we can subtract this value from the total adduct peak current at a low scan rate, which results in the peak current corresponding to the reaction of glutathionecatechol. Lastly, the glutathione content can be determined from the respective calibration curve, I (nA) = (1.02 ± 0.462) [GSH/μM]. Table 2 gives the measurement results of different combinations of the thiol mixture in the tissue culture media using the two-step procedure. The table shows that the determined values correlate well within a reasonable error of the spiked thiol contents of the tissue culture media mixture. The average standard deviation for the detection measurement in comparison to the spiked values is ca. 10% which is acceptable for bio-molecular applications. Given that the two-step method is limited by the capacity of the fast scan rate in order for the determination of glutathione to work, the limit of detection of the procedure in tissue culture media is ca. (2.0 ± 0.02) μM. This value is within the range of thiols typically seen in human physiological samples. 1, 5 Therefore, this two-step method for quantifying homocysteine and glutathione works well in tissue cell culture media.
Detection in human plasma
Human plasma, itself, has a complex matrix containing different analytes and species. 7, 10 A partial list of constituents in human plasma is given in Table 3 . Therefore, a selective determination for a specific analyte in human plasma is a challenge for the electroanalytical community, since many of its constituents may be redox active, or often impede the electroanalysis. [7] [8] [9] 36 Consequently, reports that focus on electrochemical detection in human plasma are usually coupled with a separation technique, such as HPLC. [1] [2] 4, 8, 15, 17, [20] [21] [22] [23] In our experiments, human plasma was diluted to 25% with 0.15 M PBS (pH 7.2), and an optimal catechol concentration of 1.0 mM was used, because higher concentrations resulted in coagulation. Lastly, all three electrodes on the disposable screen-printed electrode, itself, were fully used due to the small quantity of available human plasma.
Initially, to investigate any interferences that may arise from human plasma, itself, cyclic voltammetry was run in both the absence and presence of catechol. Figure 4 shows cyclic voltammograms (100 mV s -1 ) of human plasma with and without the addition of 1.0 mM catechol (pH 7.2). This figure shows that in the absence of catechol, an anodic process occurs at ca. +0.4 V (vs. Ag), and a cathodic process occurrs ca. -0.6 V (vs. Ag). These processes can be attributed to be a result of an unknown electroactive species in human plasma. 5, 7, 37 With the presence of 1.0 mM catechol in human plasma, a new redox process is observed, E1/2 = +0.2 V (vs. Ag), which is attributed to the two-electron redox process of the catechol forming the ortho-quinone. 9, 12, 34 Since analytically we are concerned with the reductive scan, the cathodic signal from the human plasma ca. -0.6 V (vs. Ag) should not hinder the adduct peak signal, because the adduct signal should appear near to the catechol signal. However, because no observable thiol-catechol signal was seen in the cyclic voltammetry, the square wave was utilized to increase the sensitivity of the measurements in the plasma. Figure 5a shows a reduction scan in square-wave voltammetry (optimized to a frequency of 10 Hz; amplitude, 5.0 mV; step potential, 10 mV) of human plasma containing 1.0 mM catechol (pH 7.2) at the CNT-SPE. The scan rate under these optimized parameters is 100 mV s -1 . Three signals are observed in the figure corresponding to the reductive wave of the catechol (ca. +0.2 V vs. Ag), the thiol-catechol adduct peak (ca. -0.1 V vs. Ag), and the unknown electroactive species within the plasma (ca. -0.5 V vs. Ag). The shift of the unknown electroactive species could be attributed to the silver quasi-reference electrode built into the screen-printed electrode. Since human plasma alone contains contents of homocysteine and glutathione, 1, 5, 8, 16, 18, 20, [37] [38] we can expect to see an adduct peak signal associated with the thiol-catechol reaction. To definitively determine the peak observed at ca. -0.1 V (vs. Ag) is the thiol interaction with catechol, the human plasma was spiked with 20 μM of each homocysteine and glutathione. As can be observed in Fig. 5 , the peak at ca. -0.1 V (vs. Ag) increases with the spiked content, thus indicating that the peak of interest represents the thiol-catechol interaction.
Next, different concentrations of either homocysteine or glutathione, ranging from 0 to 20 μM, were added separately to the human plasma in the presence of 1.0 mM catechol. By using square-wave voltammetry, a linear relationship, I (nA) = 625 + (59.96 ± 4.256) [HCy/μM] (n = 3), was determined for homocysteine with a linear range of up to 15 μM, and the LOD was determined to be ca. (0.6 ± 0.2) μM. For glutathione, the linear relationship is I (nA) = 588 + (39.1 ± 2.22) [GSH/μM] (n = 3) within a linear range of 0 -15 μM, and the LOD is ca. (0.8 ± 0.4) μM. Furthermore, square-wave voltammetry was again applied to the plasma to determine if homocysteine selectivity was possible in the presence of glutathione. The square-wave parameters were changed and the signal was optimized with a frequency of 50 Hz, amplitude of 5.0, and step potential of 12 mV so as increase the scan rate to 600 mV s -1 . Thereafter, the square wave was applied to plasma spiked with 20 μM of each homocysteine and glutathione. Figure 6 shows the thiolcatechol signal, ca. -0.1 V (vs. Ag). An increase appears in the peak current in the presence of spiked homocysteine, while the peak current remains unchanged in the plasma sample spiked with glutathione, thus showing that homocysteine selectivity is possible in the human plasma sample. Once again, a calibration curve was determined for homocysteine at a higher scan rate; the linear relationship is I (nA) = 104 + (93.7 ± 11.4) [HCy/μM] (n = 3) with a linear range of 0 -15 μM. The LOD is ca. (0.8 ± 0.4) μM. At this point, the analytical parameters reflect the homocysteine and glutathione sourced from the human plasma sample in addition to that added. In order for the two-step method to be applied, the calibration curves need to be corrected so as to allow for the background signal, which is here tabulated in Table 4 . The analytical parameters show the possibility for homocysteine and glutathione detection with catechol in a human plasma sample.
The two-step method for homocysteine and glutathione detection was applied to a human plasma medium using catechol at the CNT-SPE. As described above, a high scan rate of 600 mV s -1 was first applied to a human plasma sample also containing catechol in order to determine the homocysteine content using the corresponding analytical curve. Then, the homocysteine content could be used to determine the peak current corresponding to the low scan rate. Thereafter, the peak current associated with homocysteine at a low scan rate was subtracted from the total adduct peak at the same low scan rate. This resulted in the peak current associated with the glutathione content, which could then be calculated using the next corresponding equation.
The results of the determined homocysteine and glutathione content in human plasma via two-step method are tabulated in Table 5 . As described above, the limit of detection for this two-step method is dictated by the limitation of the first step, and thus the LOD for the procedure in human plasma is (0.8 ± 0.4) μM. This value is reasonable and practical for the range thiols that are typically seen in human plasma. [1] [2] 5, 18, 39 The standard addition method was also performed on the plasma sample in the presence of 1.0 mM catechol (pH 7.2). Using the square-wave parameters (frequency, 10 Hz; amplitude, 5.0 mV; step potential, 10 mV) the human plasma was spiked separately with either homocysteine or glutathione at different concentrations of up to 20 μM. Then, a calibration curve of those multiple additions was used to calculate the unknown analytes concentration. 40 The results from the standard addition are also tabulated in Table 5 , where they can be compared to those obtained via the two-step method. The table shows that the values are in good agreement with one another, and are well within the deviation of each other, which further validates the application of the two-step method in such biological samples. The average error of the two-step method when compared to the standard addition method is ca. 10%, which is acceptable for biological applications. These results of 'real' world sample offer good promise for using the two-step method. It encourages a fast, simple, facile method towards bio-applications in the selective determination of homocysteine and glutathione.
Conclusions
We have established a successful adaptation of the single twostep method for the selective detection of homocysteine and glutathione in two 'real' world biological samples. The parameters for the simple two-step method were optimized for applications in both tissue culture media and human plasma using disposable carbon screen printed electrodes. The limit of detection for the system in cell tissue media and human plasma is ca. 2 μM and ca. 1 μM, respectively, and with an average error of ca. 10% when compared to control experiments for either biological sample. These values are acceptable for bio-molecular applications, and may allow for the development of a at point-of-care diagnostic system for medical use. 
